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Controlled rippling of graphene via irradiation and
applied strain modify its mechanical properties:
a nanoindentation simulation study†
J. Martinez-Asencio,a C. J. Ruestes,b E. M. Bringab and M. J. Caturla*a
Ripples present in free standing graphene have an important influence on the mechanical behavior of
this two-dimensional material. In this study, we show through nanoindentation simulations, how out-of-
plane displacements can be modified by strain, resulting in softening of the membrane under
compression and stiﬀening under tension. Irradiation also induces changes in the mechanical properties
of graphene. Interestingly, compressed samples, irradiated at low doses are stiﬀened by the irradiation,
whereas the samples under tensile strain do not show significant changes in their mechanical properties.
These simulations indicate that vacancies produced by the energetic ions cannot be the ones directly
responsible for this behavior. However, changes in roughness induced by the momentum transferred
from the energetic ions to the membrane, can explain these diﬀerences. These results provide an
alternative explanation to recent experimental observations of the stiﬀening of graphene under low dose
irradiation, as well as the paths to tailor the mechanical properties of this material via applied strain and
irradiation.
Introduction
Graphene is a single layer of graphite, an atom thick allotrope
of carbon arranged in a honeycomb lattice, which presents sp2
hybridization. This singular stable structure exhibits some unique
physical properties, such as excellent electronic transport,1,2
thermal conductivity,3,4 optical5,6 and mechanical response,7
especially for its elasticity and intrinsic strength features. All
these make graphene one of the most promising and attractive
materials of recent years. Therefore, it is being studied for a
wide variety of applications. For instance, transistors,8–10 trans-
parent electronic materials11 and sensors in nanoelectronics,12
cancer therapy13 in medicine, solar cells14 in energy storage
industry and even conducting ink15,16 manufacturing, are some
of many possible uses of this promising material.
One method of altering17 the abovementioned physical and
chemical properties, and possibly enhancing them, consists of
studying a graphene layer with impurities or defects such as
adatoms, dislocations or vacancies. There are many ways to
produce defects on a sample,18,19 but a simple and eﬃcient way
to produce them in a controlled manner is by ion bombardment.
For these methods to be eﬃcient and feasible, it is important to
understand the type of defects produced under the diﬀerent
irradiation conditions such as the irradiation type (electrons or
ions), temperature, energy and dose. The tuning energy and dose
can lead to the formation of nanopores20,21 and some stable
structures such as monoatomic chains.22 The damage produced
by irradiation in supported graphene, as well as multilayer
graphene has also been studied by several authors both experi-
mentally and computationally (see for example ref. 23–26).
Numerous studies of irradiation damage have been performed
using molecular dynamics for electron27 or ion implantation.28–32
The irradiation of graphene with C ions ranging from 0.1 eV to
100 keV at different positions on the hexagonal lattice has been
studied by Bellido and Seminario29 and a similar study was
carried out with Si ions.30 An experiment combined with MD
simulations using Ar+ ions on graphene/Ir(111) was performed
for different beam energies.33 In addition, an experimental study
based on Ar+ bombarded graphene on a SiO2 substrate was
performed by Dobrik et al.,34 wherein they concluded that the
Fermi velocity is reduced in the presence of defects. Increasing
the quantity of defects in graphene leads to weakening of its
robustness, making it less stiff and degrading its mechanical
properties.35,36 More recent experiments,37 however, have shown
that irradiation of suspended graphene using low energy Ar ions
obtain increased stiffness of the graphene membrane when
defect concentrations are around 0.1–0.2%, reporting values of
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two-dimensional Young modulus (E2D) higher than for pristine
graphene.7 Several explanations have been proposed for the
mechanism of stiffening of graphene at such low defect
concentrations.37,38
One important phenomenon in two-dimensional systems
such as graphene, which might have been overlooked, is the
influence of the out-of-plane displacements present in these
structures. It is well-known that graphene is not perfectly flat,
but it forms ripples39,40 due to thermal fluctuations and its two-
dimensional nature. The structure of these ripples and their
influence on the diﬀerent properties of graphene, including
elastic properties,41 has been the interest of many studies.42–44
Recent molecular dynamics simulations have shown that
intrinsic ripples of graphene affect its elasticity, resulting in
softening of this material.41
This study presents molecular dynamics simulations of the
irradiation of suspended graphene membranes with 140 eV Ar
ions for diﬀerent values of the initial strain at 300 K. We focus
on the nature of those defects produced by the irradiation as a
function of the dose and applied strain, as well as the changes
in the ripple distribution and roughness. Nanoindentation
simulations of the graphene membrane show how the mechanical
properties of this material change for diﬀerent conditions of the
applied strain and irradiation.
Methods
Classical molecular dynamics (MD) simulations of irradiation
have been performed using the LAMMPS code.45 A graphene
drumhead of radius 75 nm, which contained 674 644 carbon
atoms, was used for these calculations. The Tersoﬀ/ZBL potential
was used to simulate the C–C interaction. This potential accounts
for 3-body interactions using the Tersoff potential46 and also
short-range interactions between atoms mimicking a Coulombic
repulsive potential using a screening function described by the
so-called ZBL potential, Ziegler–Biersack–Littmarck,47 which is
needed for the short distance interactions that occur when
performing irradiation simulations. The ZBL potential was then
used for the Ar–C and Ar–Ar interactions. The Tersoff potential
has been used by other authors to examine the damage produced
in graphene.21,28,29,38,48
Fixed boundary conditions were considered in the outer
layer of the drumhead. The regions were set as follows: an
outermost annulus of 1 nm with fixed atoms, an adjacent
annulus of 2 nm with a Langevin thermal bath and a dynamic
region for the rest of the drumhead. In this way, we achieve
simulating a suspended graphene flake with a cooling down
region, so that a smooth transition between the dynamic region
and the one with fixed atoms occur. The simulation volume is
relaxed using the Polak–Ribie`re version of the conjugate gradient
algorithm49 so that any residual stress is removed. Simulations
were also performed for different initial strains, from compres-
sive to tensile, with values between 0.25% and 0.25%, respec-
tively. For those simulations, wherein an initial strain is applied,
the strain is produced by changing the simulation box size and
remapping the atomic positions according to the new box size.
The system is then relaxed for 3 ps in NPH ensemble at P = 0 bars
in the x and y axis and a temperature of 300 K. The time step
used in these simulations is 1 fs.
The simulation of irradiation of the graphene drumhead is
set as follows. After the system is relaxed to the selected strain
conditions, the sample was irradiated with one low energy Ar
ion (140 eV) every 5000 time steps and a total of 1000 ions were
shot. In this case, a variable time step was considered to
account for the short range interaction of the energetic atoms.
The sample was irradiated perpendicularly within a circular
region with a radius of 65 nm from its center with the irradia-
tion point selected randomly within this region. The system
was equilibrated for 35 000 steps after the 1000 ion irradiation.
The NVE ensemble during the irradiation was employed for the
inner region of the drumhead. The simulations were performed
at 300 K.
One of the parameters analyzed is the roughness of the
membranes and how it evolves during irradiation. The roughness
was calculated as the average of the square of the distance in the z
direction (perpendicular to the membrane) with respect to the
initial position, z0, of all atoms in the membrane, o(z  z0)24.
Defects were identified using OVITO50 and classified as
monovacancies, divacancies, and higher order vacancy clusters
(more than two vacancies). A first nearest neighbor distance
was considered to identify if vacancies belong to the same
cluster.
A set of drumheads was selected for indentation simulations
to assess the eﬀect of strain and irradiation on their mechanical
properties, namely, its elastic modulus. Indentation was performed
using a spherical indenter tip modeled by a repulsive potential, as
described by Kelchner et al.51 and the indenter repels all atoms that
touch it so that the exerted force has a magnitude of
Fr =  K(r  R)2 (1)
where K is a force constant, herein set to 10 eV Å3, r is the
distance from the atom to the center of the indenter and R is
the radius of the indenter. The force was set to 0 for r4 R. The
indenter radius was set to 10 nm.
Indentation was performed in displacement-controlled
mode, similar to other MD studies,52 using a penetration rate
of 5 m s1. Penetration was restricted to a depth in the range of
5–7.5 nm, for a total simulation time of 1500 ps and a 1 fs
timestep. Upon contact with the graphene flake, the reaction
force between the flake and the indenter was computed every
0.1 ps to extract the load-penetration curves. Indentation was
performed at 300 K.
The literature review shows that for the derivation of the
elastic modulus based on the nanoindentation load-
displacement curves, the graphene membrane was modeled
following the non-linear Fo¨ppl membrane theory.53 Lee et al.7
produced a fitting function for the treatment of nanoindenta-
tion load-displacement curves in agreement with the non-linear
Fo¨ppl membrane theory. Namely,
F(d) = ps2D0 d + q
3/a3E2Dd
3 (2)
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where d is the deflection, s2D0 is the membrane pretension, E2D
is the two-dimensional Young’s modulus, a is the radius of the
membrane and q is a correction factor for a Poisson’s ratio (n)
other than one third and it takes the form of q B 1.0491 
0.1462n  0.15827n2. Refer Komaragiri et al.54 for details on the
determination of the q function. It can be observed that the
linear term of the equation captures the eﬀects of the pre-
tension, whereas the cubic term accounts for the eﬀects of the
bending stiﬀness. Using a least-square fitting of eqn (2) to
the load-displacement curves, s2D0 and E2D can be determined.
A discussion of the E2D values obtained compared to experi-
mental values is included in the ESI (S1).†
Results and discussion
Fig. 1(a) shows the roughness of the membrane as a function
of the applied strain before irradiation. Starting from the rough-
ness value of the sample with no strain (0%), we can observe that
when a tensile strain is applied, the roughness decreases, reaching
almost a steady value after a strain of about 0.1%. When a
compressive strain is applied, the roughness keeps increasing with
increasing compression and the dependence is highly non-linear.
Nanoindentation simulations have been performed to obtain
the E2D and sigma constants for diﬀerent strains, following the
procedure explained above. These two parameters were obtained
from a fit to the curves of load as a function of displacement. For
an example of these curves, observe Fig. S1 in the ESI.† Fig. 1(b)
shows the values of E2D before irradiation as a function of the
applied strain. Clearly, the strain plays an important role in the
mechanical properties of graphene membranes. Compressive
strain results in softening of the graphene membrane decreasing
the value of the 2D Young’s modulus, while graphene becomes
stiﬀer under tension. This is in agreement with the results of
Lee et al.41 showing that the presence of ripples results in the
softening of graphene because two mechanisms occur: first, the
ripples are smoothed and then the C–C bond is stretched.
Roughness, as defined above, provides an average value of
the fluctuations on the surface, but it is also interesting to
observe the distribution of these fluctuations. Fig. 2 provides an
image of the graphene membranes, wherein the colors represent
the value of the out-of-plane coordinate of each atom (Z coordinate).
Three representative examples are given: Fig. 2(a) corresponds to a
compressive strain of 0.25%, Fig. 2(b) to a non-strained sample,
and Fig. 2(c) to a tensile strain of 0.25%. Note that the scale changes
for each one of the figures.
This representation allows us to observe the wavelength of
these ripples and the eﬀect of strain on their distribution. The
wavelength of the ripples decreases under compressive strain,
showing a smaller distance between the maxima and minima
of the ripples in the membrane (see Fig. 2(a) compared to
Fig. 2(b), compressed and un-strained, respectively). The values
of the maximum and minimum increase with respect to those
from the sample without strain, with absolute values of
approximately 3.5 Å for a compressive strain of 0.25% and
approximately 2 Å for the unstrained sample. When a tensile
strain is applied, the wavelength increases significantly, with
maxima and minima farther away from each other, as can be
observed in Fig. 2(c). In addition, the values of these maxima
and minima decrease, with absolute values of about 1.9 Å for a
0.25% tensile strain. These changes, however, are much smaller
than for a compressive strain, as already shown in Fig. 1. The
observed ripples in our calculations are similar to the reported
ripples in free-standing graphene measured experimentally.55
After relaxation, the sample is irradiated with 140 eV Ar+
ions following the procedure described in the Methods section.
Irradiation produces vacancies that are mostly isolated, as well
as divacancies and some higher order clusters at much lower
concentrations. The eﬃciency of defect production is approxi-
mately 80%, in which 80 vacancies are formed for every 100 ions.
This is in good agreement with experimental measurements of
Lo´pez-Polı´n et al.37 For the doses studied herein, (highest dose of
7.5  1012 ions per cm2) the number of vacancies increases
linearly with dose, which indicates that the dose is low enough
not to achieve an overlap of cascades. The total number of
monovacancies is similar for all strains and doses. However,
the number of divacancies is slightly higher when samples are
under compressive strain and the eﬃciency of production of
divacancies increases with the dose (for more information see
ESI,† Fig. S2).
The changes in roughness with irradiation dose are pre-
sented in Fig. 3(a) for two applied strains, a compression of
0.2% and a tension of 0.2%. The diﬀerences in roughness
Fig. 1 (a) Roughness of the graphene membrane as a function of applied strain before irradiation and (b) E2D obtained from nanoindentation simulations
as a function of the applied strain. The insets show images of the simulations with colors representing the out-of-plane displacement (in Å).
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induced by the irradiation are quite remarkable. While there
are almost no changes when the sample is under tensile strain,
roughness increases significantly with dose under a compres-
sive strain. Note that changes in roughness induced by irradia-
tion are over two orders of magnitude larger than those before
irradiation for any given strain (see Fig. 1(a)). Fig. 3(b) includes
the results of the E2D for the case of two compressive strains
(0.25%, 0.1%), the sample without any initial strain, and
two tensile strains (0.1% and 0.25%). Interestingly, the depen-
dence of the Young’s modulus with the dose follows that of the
roughness for the diﬀerent strains: under tensile strain there is
almost no change of the Young’s modulus with dose, while
under compression, the Young’s modulus increases with dose, at
very low doses, the E2D does not change significantly but it then
becomes stiﬀer quite rapidly with the dose. When no strain is
applied, there are almost no changes of the E2D with dose.
Note that the dependence of the E2D shown in Fig. 3(b)
cannot be explained by the production of defects during
irradiation alone because the number of defects increases
linearly with dose for all strains applied or for the sample
without strain. If the defects are the ones responsible for
changes in the elastic modulus, the same dependence should
be obtained independently of the applied strain, which is not
the case here. However, the changes in the elasticity of the
graphene membrane follow the dependence shown in Fig. 3(a)
for the variation of the roughness with dose. When a tensile
strain is applied, there are no changes in the roughness of the
membrane, which results in an almost constant value of the
elastic properties, when a compressive strain is considered,
the roughness increases with dose with a non-linear dependence
just like the elastic Young’s modulus.
Interestingly, under irradiation, the compressed samples
result in stiﬀer membranes, while samples under tension do
not present significant diﬀerences in the elastic properties. This
result seems to contradict those presented in Fig. 1 for a non-
irradiated sample: compressed samples are softer than tensile
ones. To clarify how radiation influences out-of-plane deforma-
tions in the membrane, we present in Fig. 4 the Z-coordinates after
irradiation for the highest dose simulated: 7.5 1012 ions per cm2.
Fig. 4(a) corresponds to a compressive strain of 0.25%, Fig. 4(b)
to a non-strained sample and Fig. 4(c) to a tensile strain of
0.25%, i.e., the same conditions of Fig. 2 but after irradiation. It
is clear form these figures that the changes induced by irradia-
tion on the out-of-plane deformation are significantly diﬀerent
from those induced only by strain. For the unstrained and
compressed samples, irradiation produces a deep well in the
membrane, mostly in the center of the sample, removing the
ripple distribution existing initially, while under tension, a ripple
distribution can still be observed in the sample, even though
the center of the membrane still presents lower valleys than
Fig. 2 Values of the Z coordinate (in Angstroms) for a graphene membrane and diﬀerent applied strains before irradiation (a) compressive0.25%, (b) no
strain and (c) tensile +0.25%.
Fig. 3 (a) Roughness as a function of dose for two diﬀerent strains: 0.2% (compressive) and 0.2% (tensile) and (b) values of E2D as a function of dose for
diﬀerent applied strains: compressive 0.25%, 0.1%, (squares, half filled) 0% (squares-filled) and tensile, +0.1% and +0.25% (circles).
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before irradiation. While the sample is almost unaﬀected when
there is an applied tensile strain of about 0.1% or higher, the
out-of-plane deformations increase for lower strains or com-
pressive strains. This deformation is not symmetrical: the
maximum values of Z-coordinate follow the same dependence
as observed without irradiation, whereas the minimum values
of the Z-coordinate are highly modified by the irradiation. For
example, for a 0.25% compression after irradiation, the
maximum value of the Z-coordinate is 9 Å, whereas the minimum
value is 38 Å. The initial value of the maximum Z-coordinate
before irradiation for this same strain is B3.5 Å, as shown in
Fig. 2(a). For the case of a tensile strain of 0.25% the initial
maximum value of the Z-coordinate before irradiation isB1.9 Å,
which after irradiation changes only slightly to a value of 2.5 Å
for the minimum Z-coordinate.
These results show that the changes produced by irradiation
with respect to the out-of-plane deformation are very diﬀerent
from those induced by strain but they depend significantly on
the initial strain state of the membrane. In the same way that a
rippled piece of paper can be flattened covering a larger area,
the forward momentum of the energetic particles tends to
remove the ripple distribution bowing down the sample and
producing a deep valley due to the constrained boundaries.
Because compressed samples have more ripples available to be
flattened by the energetic particles, this eﬀect is particularly
eﬃcient in compressed samples. As a result, the topology of
the compressed samples after irradiation approaches that
of a tensioned sample, provided the curvature of the valley
is neglected as a first approximation, and producing a stiﬀer
response of the sample when subjected to nanoindentation.
These results provide an alternative explanation of recent
experimental measurements of the E2D under irradiation.
37
These experiments show that at very low doses, such as those
studied herein, there is a strong increase in the E2D, which has
been interpreted as the result of defect production. According
to Lo´pez-Polı´n et al.,37 vacancies produced by the irradiation
quench long range fluctuations resulting in a stiﬀer membrane.
More recent molecular dynamics simulations34 have attributed
the increase in stiﬀness to the production of monovacancies. In
those simulations, however, vacancies are introduced randomly
in the sample instead of being the result of an irradiation and
no discussion is included with respect to the temperature of
the simulations or out-of-plane displacements. Herein, we give
another interpretation of the eﬀect of irradiation on the elastic
properties of a membrane; the changes in roughness induced
by irradiation (and not just defect production) are responsible
for the changes in mechanical properties.
Conclusions
Molecular dynamics simulations of graphene membranes irra-
diated with 140 eV Ar ions with diﬀerent initial strains, from
0.25% (compression) to 0.25% (tension) were performed. The
defect production rate under these conditions was approxi-
mately 80% for any of the strains studied, with a slightly higher
probability of formation of divacancies when applying a compres-
sive strain than a tensile strain. The concentration of defects
increased linearly with dose for all cases studied. Ripples existing
in a free standing graphene are strongly modified when the
membrane is irradiated, and these changes depend on the
initial strain applied to the membrane. While the size of these
ripples does not change with dose when a tensile strain
is applied, under compression, there is a non-linear depen-
dence with dose. Initially, it only changes slightly and then the
roughness increases significantly at higher doses. Moreover,
these changes in the ripple distribution induced by the irradia-
tion are diﬀerent from those induced by strain. Strain obtains,
under compression, larger ripples with shorter wavelengths,
whereas tension results in opposite behavior, smaller ripples
and longer wavelengths. As a result, unirradiated samples
under compression are softer than without an applied strain,
whereas samples under tension are stiﬀer. After irradiation, the
behavior is quite diﬀerent: compressed samples are stiﬀer,
whereas the samples under tension do not show changes in
their mechanical properties. We attribute this diﬀerence to the
changes in the out-of-plane displacements induced by the
irradiation, which flattens these ripples producing a well that
is deeper when the membrane is under compression.
These results provide an alternative way to explain the recent
experiments of stiﬀening of graphene membranes under low
dose irradiation. Moreover, these simulations point towards
Fig. 4 Values of the Z-coordinate (in Å) after 1000 ions or a dose of 7.5  1012 ions per cm2 for a graphene membrane and diﬀerent applied strains
(a) compressive 0.25%, (b) no strain and (c) tensile +0.25%.
PCCP Paper
O
pe
n 
A
cc
es
s A
rti
cl
e.
 P
ub
lis
he
d 
on
 2
0 
A
pr
il 
20
16
. D
ow
nl
oa
de
d 
on
 0
9/
03
/2
01
7 
07
:5
1:
23
. 
 
Th
is 
ar
tic
le
 is
 li
ce
ns
ed
 u
nd
er
 a
 C
re
at
iv
e 
Co
m
m
on
s A
ttr
ib
ut
io
n-
N
on
Co
m
m
er
ci
al
 3
.0
 U
np
or
te
d 
Li
ce
nc
e.
View Article Online
13902 | Phys. Chem. Chem. Phys., 2016, 18, 13897--13903 This journal is© the Owner Societies 2016
paths to tailor the mechanical properties of graphene through a
combination of applied strain and irradiation.
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